The intensities of several lines of molecular hydrogen have been measured from two regions of supernova remnant/molecular cloud shock in IC443. The lines measured have upper state energ ranging from 7000 K to 23000 K. Their relative intensities di er in the two regions, but are consist with those predicted from the post-shock regions of simple jump type shocks of di erent pressu The pressures so derived are far higher than the pressure in the supernova remnant itself, a possi reason for this discrepancy is discussed.
Introduction
Observations of high velocity neutral atomic hydrogen in the supernova remnant (SNR) IC by (DeNoyer 1978) indicated that the remnant is is interacting with a nearby molecular clo (detected in mm CO lines, Scoville et al. 1977) . Shock excited line emission from OH and (DeNoyer 1979a,b) and molecular hydrogen (Tre ers 1979) were subsequently discovered near the remnant/cloud interface. The H 2 line emission has been mapped by Burton et al. (1988) a appears as a sinuous ridge roughly coincident with the other shocked species. Burton et al. ar that the SNR blast wave has punched a hole through the molecular cloud and the shock is occurr at the inner edge of this hole. This shock is driven by the high pressure of the tenuous hot mate in the supernova remnant, which is at a greater pressure than the molecular cloud.
Shock excitation of the H 2 in IC443 is further supported by K band spectra observed by Bur et al. (1989) from several of the brighter points in their H 2 map, the v=1-0 & 2-1 there transiti have intensity ratios similar to those of other shocked sources (e.g. Garden et al. (1986) , Lane Bally (1986), , , Doyon & Nadeau (1988 However more detailed information on the shock structure has not been available. Observation a large number of H 2 lines in the Orion molecular out ow ) suggest that ju type shocks (J-shocks) dominate there, although most recent theoretical work has concentrated continuous shock (C-shock) models (Draine 1980 , Draine & Roberge 1982 , Cherno , Hollenbach McKee 1982 . Thus, it is of interest to try to determine the structure of shocks in other obje such as IC443.
Observations
The observations presented here were all made at the United Kingdom Infrared Telescope. Seve observations were made of two of the brightest positions in the molecular ring. The coordina quoted in table 1 are o sets from an arbitrary zero position with R.A. = 6 h 14 m 43.0 s , Dec. = 23 0 0.0 00 . On the nights of the 20 th and 21 st February 1989 the cooled grating spectrometer CGS2 was u at a resolving power of about 600 and an aperture size of 5 00 , chopping 90 00 E-W. Flux calibrat was achieved using the standard stars BS3314 (K=3.94) and BS1552 (K=4.07). Each spectrum w fully sampled by factors of three or four. Additional data for both positions are presented wh simultaneously measured some of the bright 2 and 3 m lines. Part of this data (the 3 m lines) already been published elsewhere , and was obtained on the nights of the and 7 th january 1987, again using CGS2 but at a lower resolving power of about 300, and a be size 5 00 .
Much lower resolution spectra obtained using a circular variable lter (resolution 0.018 in conjunction with the InSb photometer UKT9 were obtained between the 6 th and 9 th of Janu 1986. The beam size for these observations was 19 00 . Two spectra, one covering the K window a a second running from H to K were taken. The K window spectrum has been published by Bur et al. (1989) and that covering H and K by Burton (1987) . Several of the line intensities obtain are inaccurate due to the di culty of calibrating emission lines close to telluric absorption featu using the relatively low spectral resolution of the lter. Any lines which are close to such featu have subsequently been excluded from the analysis. Integration times and further details are gi in table 1.
Results
The coadded spectra at the two locations in IC443 are shown in Figs 1-3 . The spectra at (844W,63 were degraded badly by cirrus and should be regarded with some caution. The ten individual sp tra at this position were scaled to the maximum observed intensity of the 1-0 S(0) line bef coaddition. Weather conditions were good when the (20W,20S) spectra were measured.
The H 2 line intensities and derived column densities are given in tables 2 and 3. Uncertain are dominated by the accuracy of the observations. The line intensities were estimated by le square tting of Gaussian pro les to the data. The solid lines in gs. 2 and 3 are the gaussian to the emission lines. Column densities, N, were derived from the equation I = h ANe ? 4 Where I is the observed speci c intensity, A is the spontaneous transition probability (Turn Kirby-Docken and Dalgarno 1979) and is the optical depth at frequency . As the line frequenc and transition probabilities are known to fractions of a percent, the random errors in the deri column densities are determined by the accuracy of the observations. There is also a systema percentage error of about 10 percent in the absolute column densities because of the uncertainty the beam size.
It is apparent from Figs 2 and 3 and from the tables that the intensities of the high excitat 3-2 lines relative to those of the stronger 2-1 and 1-0 lines are considerably di erent at the t locations in IC443. The ratio 3-2 S(3)]/ 1-0 S(0)] is 0.13 0.02 at (20W,20S), but 0.05 0 at (844W,635N). found that the intensity ratio 1-0 O(7)]/ 0-0 S(13)] w considerably di erent at these two positions; their measurements and derived column densities also given in Tables 2 and 3 . Burton et al. (1988) argued that the extinction to IC443 was similar to that towards Peak 1 the Orion molecular out ow. This was based on their observation that the relative strength of total 1-0 Q-branch emission (observed at low spectral resolution) was similar in both sources. T extinction to the Orion molecular out ow is not well known, but the most recent estimates indic a value of 0.8 magnitudes at K .
From the new observations presented here extinction estimates can be derived using combi tions of lines from the same upper energy level. The ratios of the line intensities are then given the molecular constants, any deviations from this are due to di erential extinction at the di er wavelengths involved, using equation 1 for two di erent lines from the same upper level, their ra is given by
There are several such line pairs that we have observed. At both positions the combination 1-0 S(1) and 1-0 O(5) can be used, and at (20W,20S) the S(1)/Q(3) and S(0)/Q(2). We assume extinction law of A / ?1:5 , and the extinction estimates at K thus derived are shown in table (
There is some scatter in the results, but the best estimate for both positions is A k = 0:6 0:3. IC443 is visible on sky survey plates as a bubble almost a degree across and contains tenuous ray emitting gas with a temperature of 2 10 7 K (Petre et al. 1983; Watson et al. 1983 ). T molecular cloud dissect's this bubble along an axis NW-SE. An almost complete ring of`shock H 2 emission has been mapped by Burton et al. (1988) . They suggest that this provides stro evidence that the supernova explosion occurred close to, or possibly inside, the molecular clo The expansion of the remnant into the cloud has punched a hole through the cloud, and sho on the inside edge of this hole are propagating into the cloud, visible as the ring of H 2 emissi Other shock excited molecular line emission has also been observed in CO, OH, HCN and HC (White et al. 1987; De Noyer 1979a,b) . High velocity atomic hydrogen emission (21cm) has a been detected by Braun & Strom (1986) . All these shocked species are morphologically sim . The H 2 emission is broad (up to 100 km s ?1 ) and there are large changes the peak velocity from di erent positions, with no obvious systematic trend.
There are basically two types of shocks which can excite H 2 emission. The simplest is a drodynamic jump (J-type) in which the high pressure region expands into the molecular cloud a velocity greater than the local sound speed, accelerating, heating and compressing gas. The po shock gas then cools radiatively and by dissociating molecules. As will be seen in section (4.1) long as the heating time in the shock front is su ciently short compared to the cooling time of gas, the gas can be assumed to have been heated instantaneously to a maximum temperature a the temperature distribution is then determined by the known cooling rate.
In the presence of slightly ionised, weakly magnetized gas, the ions can be driven ahead of neutrals by magnetic forces and heat the gas gradually (while some cooling takes place) by frictio heating between the ions and neutrals. In this case there is a continuous change in paramet and a C-shock is formed (Draine 1980 , Draine, Roberge & Dalgarno 1983 Cherno , Hollenbach Mckee 1985) . The temperature structure is harder to calculate, but the resulting emission resemb that of a constant temperature slab, as the heating due to the ion-neutral drag is balanced by cooling (e.g. Smith ).
The relative intensities of H 2 lines in the Orion molecular out ow suggest that the domin shocks there are J-type . Further evidence for J-shocks in Orion comes from constancy over the out ow of the ratio of two 3.8 m H 2 lines (the 1-0 O(7) and 0-0 S(13)) wh arise from widely separated energy levels and as such are very sensitive to density and temperat variations ). This constancy presents di culties for the C-shock models as unlikely to be constant across the whole out ow. In J-type shocks a constant ratio simply imp that the cooling function is the same in all places.
Interestingly the S(13) to O(7) ratio has been found to di er in other shocked sources (Bur et al. 1989) , in the four sources where they looked it ranged from 0.8 to 2.3. This variation initia seemed to pose a di culty for the J-type shocks, but could possibly be explained as di erent veloc C-type shocks leading to di erent temperatures. However in the next section we show that i more realistic J-type model the cooling function is pressure dependent, and this dependency explain the observed variations. This model is then applied to the present data, for locations where the S(13)/O(7) ratio w measured to be 0.84 and 1.9 by , and is shown to provide a very good simultaneously to both the 2 m and the 3.8 m data.
Emission from J-shocks
In a J-shock the heating processes in the shock front occur on a time scale much faster than subsequent cooling times. The temperatures, density and velocity just behind the shock front simply given by the solution of the Rankine Hugoniot conditions (e.g. reference). For a stro shock ( Mach no. 1) the maximum temperature is T max = 2 m h V 2 s ( +1)k The molecular gas reaches this temperature and then subsequently cools, through both dis ciative and radiative processes. The column of molecules in a particular energy level integra through this cooling layer is N = This simple calculation implies that the relative column densities of di erent energy levels w be the same in every source, regardless of shock velocity, providing that the maximum temperat is greater than that in the region where most of the emission is produced and the density is h enough to thermalize H 2 .
The above calculation explains why the excitation temperatures in shocks derived from the rotational 2-1 and 1-0 H 2 lines is always close to 2000 K. However, this result breaks down for h energy levels ( > 12000 K), because a large fraction of the emission from such levels is produced higher temperature gas where dissociative cooling is signi cant. The combined e ects of radiat and dissociational cooling (/ n and n 2 respectively) produce a density dependence in intensity rat involving high excitation lines which translates into a pressure dependence, as the cooling region very close to isobaric. Increasing the pressure will allow more cooling through dissociation (hig density) and thus will cool the hot gas faster, leading to less line emission from high energy lev Conversely a lower pressure in the shocked gas will lead to a slower cooling of the hottest gas a thus relatively stronger emission from lines from the high energy levels.
The model we have applied to the present data set is the same as used by Brand et al. (19 to describe the Orion out ow. The cooling processes included are dissociation and line radiation H 2 and rotational radiation of CO. There are only two free parameters, the absolute intensity the shocked lines (dependent on the angle of sight through the post shock layer and beam ll factor) and the pressure. The rst of these is xed by forcing the absolute intensity to t the bri 1-0 S(1) line, the pressure is then varied to t the relative intensities of the other lines to the S(1). The results are displayed in gs. 4 and 5. This simple J-shock is consistent with both new 2 m data and the 3 m data of , thus explaining the`odd' S(13) to O ratios.
The hot gas in the SNR has been presumed to be driving the shock wave into the molecu cloud. From X-ray and optical observations the pressure of the SNR is in the range 10 7 |10 9 cm ?3 , and references therein). However, the pressures derived for the shoc H 2 gas are larger, for the (20 00 W 20 00 S) position the pressure needed is 2 10 10 K cm ?3 and the (844 00 W,635 00 S) position the pressure is even greater at 6.0 10 11 K cm ?3 . In section 4.2 will examine possible mechanisms that could produce an apparent pressure enhancement. I worth noting that even if a collection of many C-type shocks could be made to t the data pressure needed to explain the observed highly excited lines would still be high. For H 2 to be LTE requires densities in excess of 10 6 cm ?3 , and this critical density is even greater for hig rotationally excited molecules (i.e 0-0 S(13) which is a transition from J=15) which require ma collisions to populate the level. Signi cant populations of these high energy levels are only obtain at the highest temperatures (2000-4000 K in C-shocks). The pressure in the shocked gas is t greater than 10 9 K cm ?3 .
Far infrared observations of OI (63 m) and CO (J=22-21, 119 m) have recently been obtain at the (20W,20S) position (Burton et al. 1990 ). The authors combined these new observati with previous measurements of H 2 and Br lines, and tted a variety of shock models, with constraint of forcing the driving pressure to be equal to that in the supernova remnant. Over di erent model calculations were made, covering situations ranging from soft C-shocks to partia dissociative J-shocks. No single model could simultaneously explain the H 2 , CO and OI lines, exc a high pressure J-shock similar to the calculation we have presented here. However, on theoret grounds they argue that such a shock is not to be expected. The shock for the given paramet should be C-type and secondly, the oxygen chemistry was arti cially suppressed so as to red cooling from H 2 O. There is no theoretical basis for either of these conditions. At the densities are considering the rotational energy levels of CO are in LTE, so rotational CO line emission can calculated in much the same way as the H 2 . Equation 7 is multiplied by the CO fraction and partition function used is that appropriate to CO. The total H 2 emission in partially dissociat shocks is velocity dependant, higher shock velocities lead to more dissociation and subsequen less H 2 emission (although the ratios remain the same). The model column density of the 1-0 S line was normalized to the observed column density for the purpose of tting to the column dens ratios. This correction factor represents physical details of the shocked gas, such as the beam ll factor or the line of sight to the shock plane, and for the reasons stated above depends upon velocity. This (unknown) factor is re ected as an uncertainty in predicting absolute CO colu densities. For a shock appropriate to the (20 00 W 20 00 S) position (i.e. n T = 2 10 10 ) and a sh velocity in the range 13-20 km s ?1 the CO J=22-21 line intensity is 4 10 ?12 W cm ?2 sr consistent with the upper limit of 2.5 10 ?11 W cm ?2 sr ?1 of Burton et al.(1990). 4.2 Pressure in the shocked gas As was pointed out in the last section, the pressures implied by the apparent observed J-sho in IC443 are greater than that in the supernova bubble which is the principle driving force of molecular cloud shock. In the rest of this section we describe a situation that could explain su this apparent paradox.
The pressure in the post shock gas is approximately equal to the pressure in the supern bubble. Conservation of momentum across the shock front gives
The gas behind the shock cools and condenses. It's nal density (probably limited by magne eld) may be several hundred times the preshock density. This cool high density layer has a r pressure ( v 2 ) which is higher than the thermal pressure by the compression ratio. If the SN bl wave overruns a high density clump, the initial shock velocity will be smaller than the shock veloc in the ambient material by the inverse square root of the density; i.e. the clump is hardly accelera by the SN blast wave. This clump then travels through the post shock gas until reaching the c high density layer. At this stage a much more powerful shock than produced by the blast w will be driven through the cloud and a re ected shock through the high density layer. For exam take the case of an ambient density of 10 3 cm ?3 and a clump of 10 5 cm ?3 , and assume the compression ratio to be one hundred. From equation 10 the initial shock velocity into the ambi material will be 30 km s ?1 , fully dissociating the H 2 , whilst that in the clump is only 2 km s too small to excite H 2 emission. Thus the compressed layer meets the clump at around 30 km and, as the densities are about equal, shocks of 15 km s ?1 are driven both into the cloud and cool layer. Thus the H 2 emission from the clump will appear as from a high pressure shock, grea than that expected by a factor equal to the compression ratio, provided that the density of clump is in the range such that the shock velocity is between 10 and 22 km s ?1 .
Conclusions
Spectra of several H 2 emission lines from two locations in the SN remnant/molecular cloud shock IC443 have been presented. The ratios of the observed lines obtained are shown to be consistent w a simple hydrodynamic J-type shock, in which the major coolants are radiative and dissociatio cooling from H 2 , and radiative cooling from CO. The line ratios from a simple J-type shock shown to be pressure sensitive and variations in the shock pressure explain the observed variati in the ratios of the 1-0 O(7) and 0-0 S(13) lines, compared with the value of unity observed the Orion molecular out ow. The pressure derived from the data is higher by about two orders magnitude than the pressure derived from X-ray observations. A situation which may be able explain this di erence is the existence of density clumps colliding with the cool dense layer follow a radiative shock front. Febuary 1989 1-0 S (7) 1.7474
